Approximately one-half of the patients who develop clinical atherosclerosis have normal or only modest elevations in plasma lipids, indicating that additional mechanisms contribute to pathogenesis. In view of increasing evidence that inflammation contributes to atherogenesis, we studied the effect of human neutrophil ␣-defensins on low density lipoprotein (LDL) trafficking, metabolism, vascular deposition, and atherogenesis using transgenic mice expressing human ␣-defensins in their polymorphonuclear leukocytes (Def ؉/؉ ). Accelerated Def Atherosclerosis and its thrombotic sequel, "atherothrombosis," are likely to remain the predominant cause of death in "developed" countries for decades to come. The etiology of this syndrome is multifactorial, and current predictors provide an incomplete estimate of the risk and opportunity for intervention. In a pooled analysis of over 87,000 persons with diagnosed coronary heart disease, one in five lacked any of the conventional risk factors: hypertension, smoking, high cholesterol, or diabetes (1). Furthermore, half of all cardiovascular events occur in patients with normal lipid levels (2). These data reveal the need to identify and mitigate as yet undescribed, but clinically relevant, risk factors for cardiovascular disease beyond those targeted in current practice.
Atherosclerosis and its thrombotic sequel, "atherothrombosis," are likely to remain the predominant cause of death in "developed" countries for decades to come. The etiology of this syndrome is multifactorial, and current predictors provide an incomplete estimate of the risk and opportunity for intervention. In a pooled analysis of over 87,000 persons with diagnosed coronary heart disease, one in five lacked any of the conventional risk factors: hypertension, smoking, high cholesterol, or diabetes (1) . Furthermore, half of all cardiovascular events occur in patients with normal lipid levels (2) . These data reveal the need to identify and mitigate as yet undescribed, but clinically relevant, risk factors for cardiovascular disease beyond those targeted in current practice.
This problem is compounded by the lack of animal models that closely simulate human disease. Animal models used to study atherosclerosis, including its hyperlipidemic (3, 4) and inflammatory (5) components, are often characterized by striking elevations in plasma cholesterol, reaching plasma concentrations of 1500 -2200 mg/dl in LDLR Ϫ/Ϫ and 400 -450 mg/dl in ApoE Ϫ/Ϫ mice fed a high fat diet (3, 4) , and most of the cholesterol is found in the VLDL fraction (3, 4) . Neither these levels of lipids nor this distribution of lipoproteins is representative of findings in the vast majority of patients with atherosclerosis. Thus, there continues to be a need for new models to identify novel risk factors and novel approaches to intervention.
We have identified human ␣-defensins 1-4, also known as human neutrophil peptides (HNPs), 2 as potentially having a role in the development of atherosclerosis. ␣-Defensins are antimicrobial proteins that constitute ϳ5% of the total protein in polymorphonuclear leukocytes (PMNs). ␣-Defensins are released from a subset of azurophilic granules when the PMNs are activated by a variety of agonists (6, 7) . ␣-Defensins are abundant in human atherosclerotic coronary and carotid arteries (8, 9) , and there is a significant correlation between the deposition of ␣-defensins in skin tissue and the severity of coronary artery disease (10) . ␣-Defensins inhibit the degradation of low density lipoprotein (LDL) and Lp(a) by vascular cells (11) , increase their binding and retention in extracellular matrix (12) , and inhibit tissue-type plasminogen activator (tPA)-mediated fibrinolysis (13, 14) .
These observations have been confirmed and extended by others. Increased plasma levels of ␣-defensins are associated with acute myocardial infarction (15) , cardiovascular mortality in patients with peripheral arterial disease (16) , and chronic heart failure (17) . ␣-Defensins stimulate foam cell formation (18) , promote plaque instability (16) , regulate aortic contractility, and acti-* This work was supported by National Institutes of Health Grants HL077760, vate leukocytes and platelets through low density lipoprotein receptor-related protein (LRP) (18, 19) . However, the cause and effect relationships among these observations in vivo and their relevance to human disease remain to be established.
␣-Defensins are not found in mouse PMNs (7) . Therefore, existing mouse models of atherosclerosis do not reflect the complete contribution of inflammation, PMNs, or ␣-defensins to lesion development in humans. To help circumvent this problem, we recently characterized a transgenic mouse that expresses human ␣-defensins in its PMNs (Def ϩ/ϩ ) (20) . Def ϩ/ϩ mice, which have a relatively low propensity to develop atherosclerosis even when fed a high fat diet (3, 21) , were bred onto a C57Bl6 ␣-defensins background (20) , enabling us to isolate the contribution of Def Ϫ/Ϫ . Our data show that ␣-defensins induce a post-translational modification of LDL that alters its metabolism and disposition in the vasculature. ␣-Defensin⅐LDL complexes circulate in the plasma of Def ϩ/ϩ mice and healthy human volunteers. Isolated or ex vivo reconstituted ␣-defensin⅐LDL complexes are cleared more rapidly from the circulation and show enhanced vascular deposition and retention compared with unmodified LDL. Accelerated LDL clearance in Def ϩ/ϩ mice is associated with the development of lipid streaks in aortic roots even while they are consuming a regular diet; this effect was prevented in our study by bone marrow transplantation from wild-type mice or chronic ingestion of colchicine, which inhibits the release of ␣-defensins. These studies suggest that ␣-defensins released by activated PMNs may contribute to the development of atherosclerosis in patients with normal or moderately elevated levels of circulating LDL.
Experimental Procedures
Mice-C57BL/6 mice expressing HNP-1 and HNP-2 in their neutrophils (Def ϩ/ϩ ) have been characterized previously (20, 22) . Animal care and experimentation were conducted in accordance with protocols approved by the Animal Care Committee of the Hebrew University. Animals were fed a regular chow diet that contained 4.5% fat (PMI 5010, Harlan, Rehovot, Israel) or a high fat diet (HFD) that contained 15.8% fat and 1.25% cholesterol (TD.88051, Harlan). Colchicine was added to the drinking water at a concentration of 1 mg/liter, and the water was changed twice weekly.
Bone Marrow Transplantation-We transplanted bone marrow from male Def ϩ/ϩ mice or wild-type (WT) mice into 6 -8 week-old irradiated syngeneic male WT mice or bone marrow from WT mice into Def ϩ/ϩ mice. All mice were on a C57BL/6 background. Whole bone marrow was collected from the femurs and tibias of donor WT and Def ϩ/ϩ mice (23, 24) . On the day of bone marrow transplantation, 6 -8-week-old recipient WT and Def ϩ/ϩ mice received 1000 centigrays total body irradiation in split doses (23, 24) . Three hours post-irradiation, 2-5 ϫ 10 6 bone marrow cells in a volume of 150 -200 l of PBS were injected via the tail vein (23, 24) . White blood cell recovery and ␣-defensin levels were monitored by retro-orbital puncture. WT mice transplanted with Def ϩ/ϩ bone marrow expressed ␣-defensins in their plasma ( Fig. 2A) , and plasma levels of ␣-defensins reached those found in Def ϩ/ϩ mice by 4 weeks post-transplant (69 Ϯ 9 g/liter). In contrast, ␣-defensins were no longer detectable in the plasma and bone marrow of Def ϩ/ϩ mice transplanted with WT bone marrow by 4 weeks.
Cell Lines-The mouse macrophage cell line RAW264.7 was purchased from American Type Culture Collection (Manassas, VA). Bovine endothelial aortic cells (BAEC) were the gift of I. Vlodavsky, Hadassah-Hebrew University.
Antibodies-Mouse monoclonal anti-HNP antibodies were purchased from Antibodies-Online (Aachen, Germany), affinity-purified polyclonal antibodies to mouse cathepsin B from R&D Systems (Minneapolis, MN), F4/80 and rat IgG2a monoclonal anti-mouse macrophage antibodies from Invitrogen, and rat monoclonal anti-mouse CD15 (anti-PMN) antibodies from Biotest (Bet Haemek, Israel).
Collection and Analysis of Blood Samples-Blood was taken by transcardiac puncture after 6 h of fasting. Total plasma cholesterol, high density lipoprotein cholesterol (HDL), and triacylglycerol were measured enzymatically using an autoanalyser (Cobas 6000, Roche), and LDL cholesterol was calculated. ␣-Defensins were measured by ELISA.
Isolation and Radiolabeling of LDL-Plasma was obtained from male Def ϩ/ϩ and WT mice maintained on a HFD. LDL was isolated and pooled. Human plasma was collected from healthy volunteers with normal plasma levels of LDL. LDL was radiolabeled as described (11) .
In Vivo Clearance of Plasma LDL-Def ϩ/ϩ and WT mice were anesthetized with intraperitoneal zolazepam (25 mg/kg) and xylazine (50 mg/kg).
125 I-LDL (human or murine) preincubated with buffer or ␣-defensins for 2 h (20 g of protein, ϳ 2 ϫ 10 6 cpm) in 150 l of saline was injected through the tail vein. Radioactivity in the syringe and cannula was counted before and after injection to determine the amount of radioactivity administered. Blood samples were withdrawn at specified times and centrifuged at 10,000 ϫ g for 5 min at 4°C. Radioactivity in the trichloroacetic acid-precipitable fraction of plasma was measured, and LDL concentration-time curves were plotted. Clearance was assessed by determining half-life time (t1 ⁄ 2 ) values using curve fitting. When more than 95% of the radioactivity had been cleared from the blood, animals were sacrificed, major organs and aortas were harvested, washed, and homogenized, and radioactivity was measured.
Endothelial Cathepsin Activity-BAECs were incubated for 6 h with or without ␣-defensins alone or with a recombinant LRP inhibitor (recombinant receptor-associated protein (rRAP), 20 nM) or anti-LRP-1 antibody. Cathepsin B activity was measured by adding 100 M Z-Arg-Arg-AMC (Calbiochem) to cell supernatants. Released free AMC was quantified at excitation/inhibition wavelengths of 360 and 460 nm, respectively, and the results were expressed in arbitrary fluorescence units (Packard Instrument Co.). Substrate specificity was determined by adding the selective cathepsin B inhibitor CA-074 (100 nM) or the competitive inhibitor GB111-NH 2 (GB111) (2 M) (both from Calbiochem). To image cathepsin activity, aortas were incubated with 0.2 M GB123 for 1 h and washed with acetate buffer for 24 h, as described elsewhere (25) . To determine nonspecific staining, samples were preincubated for 1 h with GB111. Images were obtained with an IVIS Kinetic system.
Endothelial Permeability-BAECs were plated onto culture inserts ( In other experiments, TNF-␣ (20 nM) was added instead of ␣-defensins with or without CA-074 or GB111-NH 2 . Permeability was assessed by measuring radioactivity in aliquots taken from the bottom chamber relative to saline-treated cells.
Tissue Staining/Immunofluorescence-Mice were sacrificed and the hearts and aortas removed and transected. Cryostat sections were stained with primary rabbit antibodies against mouse macrophages (F4/80), mouse cathepsin B, and human ␣-defensin. Cy2-anti-rabbit Ig was used as the secondary antibody. Nuclei were stained with DAPI. Lipid deposition was quantified using Oil Red O and Image-Pro Plus analysis software.
Statistical Analysis-Group comparisons were made using Student's t test or one-way analysis of variance with the Newman-Keuls post hoc test. For LDL clearance, "between group" comparisons were performed using the Mann-Whitney rank test and two-way analysis of variance with the Newman-Keuls post hoc test. Statistical significance was set at p Ͻ 0.05.
Results

Endogenous ␣-Defensins Form Complexes with Plasma LDL
That Promote Vascular Deposition-We reported previously that ␣-defensins bind to LDL and to Lp(a) and stimulate binding to subendothelial matrix of these lipoproteins to vascular cells in vitro (9, 11) and subendothelial matrix (12) . To examine whether similar effects are observed in vivo, human 125 I-LDL was preincubated with or without ␣-defensins and injected into WT mice, and radioactivity in the circulation and vasculature was measured. Preincubation with ␣-defensins stimulated the clearance of human 125 I-LDL from the circulation, reducing t1 ⁄ 2 from more than 20 h to 1.16 h (p Ͻ 0.0001) (Fig. 1A ) and significantly increasing its incorporation into major organs including the aorta (Fig. 1B) .
To examine the role of endogenous ␣-defensins in the metabolism of LDL, we studied transgenic (Def ϩ/ϩ ) mice that express fully processed human ␣-defensins in their PMNs like their human counterparts (20) . Levels of ␣-defensins in the plasma of Def ϩ/ϩ mice (74 Ϯ 11 g/liter) are comparable with plasma levels in healthy humans (15, 18) . We first asked whether ␣-defensins bind to LDL in Def ϩ/ϩ mice as we had observed in vitro (11) . We found that ␣-defensins co-immunoprecipitated with LDL isolated from Def ϩ/ϩ mice and from healthy humans with normal plasma levels of LDL (Fig. 1C) .
To examine the effect of endogenous ␣-defensins on the clearance of endogenous LDL, LDL was purified from WT or Def ϩ/ϩ mice, radiolabeled, and injected into their counterparts. 125 I-LDL purified from Def ϩ/ϩ mice ( 125 I-LDL⅐␣-defensin) 6 cpm) into the jugular vein of WT mice (squares) or Def ϩ/ϩ mice (triangles) at 4 months of age as described in A. Serial 20-l blood samples were withdrawn at the times indicated, and the radioactivity was measured. The inserts show the semi-log plot and the linear fits. E, 125 I-LDL (ϳ2 ϫ 10 6 cpm) from WT mice preincubated with saline or ␣-defensins or 125 I-LDL from Def ϩ/ϩ mice was injected into WT or Def ϩ/ϩ mice. When more than 95% of the radioactivity had been cleared from the blood, animals were sacrificed, the aortas were removed and washed, and radioactivity was measured. The mean Ϯ S.D. and p values are shown. FEBRUARY 5, 2016 • VOLUME 291 • NUMBER 6 injected into WT mice was cleared more rapidly than 125 I-LDL purified from WT mice ( 125 I-LDL⅐WT) with t1 ⁄ 2 Ͼ 20 h compared with 5.83 h (p Ͻ 0.0001) (Fig. 1D) . Clearance of 125 I-LDL⅐␣-Def injected into Def ϩ/ϩ mice was even more rapid than in WT mice (t1 ⁄ 2 4.38 h, p ϭ 0.026) (Fig. 1D) . To examine the potential clinical relevance of these results, we repeated the experiments using human 125 I-LDL. Human 125 I-LDL and human 125 I-LDL preincubated with ␣-defensins were both cleared more rapidly in Def ϩ/ϩ mice than in WT mice, reducing the t1 ⁄ 2 of human LDL alone from Ͼ20 h to 4.29 h (p ϭ 0.0071) and of LDL preincubated with ␣-defensins from 1.16 to 0.714 h (p ϭ 0.019) (Fig. 1A) .
␣-Defensins Modify LDL Metabolism
The more rapid clearance of LDL seen in Def ϩ/ϩ mice was accompanied by enhanced vascular deposition. There was minimal incorporation of 125 I-LDL⅐WT into the aortas of naive WT mice (Fig. 1E) . Greater retention was seen when 125 I-LDL⅐␣-defensin was injected into WT mice (Fig. 1E) , and accumulation was augmented further when 125 I-LDL⅐␣-defensin was injected into other Def ϩ/ϩ mice (Fig. 1E) . These findings support the hypothesis that ␣-defensins modulate LDL metabolism in vivo through two interactive mechanisms, i.e. by increasing the clearance of the lipoprotein from the circulation and by increasing its retention in the vasculature.
Phenotypic Conversion of LDL Clearance following Bone Marrow Transplantation-We used bone marrow transplantation from Def ϩ/ϩ mice into WT mice and from WT into Def ϩ/ϩ and WT mice as an independent method to assess the effect of ␣-defensin on LDL. Plasma levels of ␣-defensin in WT mice transplanted with Def ϩ/ϩ marrow reached the levels found in Def ϩ/ϩ mice by 4 weeks post-transplant (69 Ϯ 9 g/liter); in contrast ␣-defensin became undetectable in the plasma of Def ϩ/ϩ mice transplanted with WT bone marrow by this time. LDL⅐␣-defensin complexes were detectable in the plasma of WT recipients of Def ϩ/ϩ bone marrow by 1 month posttransplant (Fig. 2A) ; in contrast, at no time were such complexes detected in the plasma of Def ϩ/ϩ mice transplanted with WT bone marrow ( Fig. 2A) . LDL purified 1 month post-transplant was radiolabeled and injected into WT and Def ϩ/ϩ mice, and clearance was measured. The clearance of LDL isolated from WT mice transplanted with Def ϩ/ϩ bone marrow and injected into WT mice transplanted with Def ϩ/ϩ bone marrow or injected into Def ϩ/ϩ mice was comparable and accelerated (t1 ⁄ 2 of about 4.5 h) compared with clearance in WT mice or Def ϩ/ϩ mice transplanted with WT bone marrow (t1 ⁄ 2 Ͼ 20 h, p Ͻ 0.0001) (Fig. 2B) . Furthermore, LDL purified from Def ϩ/ϩ mice transplanted with WT bone marrow was cleared at the same rate in WT mice as LDL isolated from control WT mice (Fig. 2B) .
Although LDL isolated from WT mice 1 month post-transplant with Def ϩ/ϩ bone marrow was cleared from the circulation as rapidly as LDL isolated directly from Def ϩ/ϩ mice (Fig.  2B) , enhanced deposition of the lipoprotein in the vasculature of these transplanted mice was not evident at this time (Fig. 2C) . To determine whether the enhanced deposition of LDL would 
proceed with more protracted follow-up, we repeated the experiments looking at the vasculature 6 months post-transplant. By 6 months post-transplant, the vasculature of WT mice transplanted with Def ϩ/ϩ bone marrow displayed the accelerated clearance of WT LDL seen in Def ϩ/ϩ mice (Fig. 2C) .
Colchicine Prevents Release of ␣-Defensins by PMNs and Attenuates LDL Trafficking in Def
ϩ/ϩ Mice-Colchicine inhibits the release of granular components from activated PMNs (26) . Therefore, we next examined the effect of colchicine on release of ␣-defensins. Zymosan-activated serum stimulated the release of ␣-defensins and myeloperoxidase from isolated Def ϩ/ϩ PMNs, which was inhibited by colchicine (Fig. 3A) . Def ϩ/ϩ mice given colchicine in their drinking water for as little as 2 weeks showed a 64% reduction in plasma ␣-defensins (p ϭ 0.019) (Fig. 3A) .
We next examined the effect of colchicine on the formation of LDL⅐␣-defensin complexes in plasma and their deposition in the vasculature. LDL from mice given colchicine for as little as 2 weeks was almost completely devoid of ␣-defensins (Fig. 3B ) and no longer showed enhanced deposition in the vasculature of WT mice (Fig. 3C ). Persistent treatment with colchicine for 6 months also decreased the incorporation of 125 I-LDL from WT mice into the vasculature of Def ϩ/ϩ mice (p ϭ 0.048) (Fig. 3C ).
␣-Defensin Stimulates Endothelial Cell Permeability to LDL-Increased
endothelial permeability to LDL contributes to the formation of lipid streaks and more complex atherosclerotic lesions (27) and might contribute to vascular retention of LDL in Def ϩ/ϩ mice (Fig. 1, B and E) . Therefore, we examined the effect of ␣-defensins on the permeability of endothelial cells to LDL. The results shown in Fig. 4A demonstrate that ␣-defensins increased the permeability of cultured endothelial cells to LDL in a dose-dependent manner.
Endothelial cell permeability is increased by cathepsin B expressed by activated endothelium (28 -30) and cathepsins are present in human atherosclerotic lesions (31, 32) . Therefore, we examined the possibility that ␣-defensins stimulate endothelial permeability by inducing the expression of cathepsins. Incubation of BAECs with ␣-defensins increased cathepsin activity in the media in a dose-dependent manner (Fig. 4B) . Cathepsin activity was inhibited by the cathepsin B inhibitor CA-074 (Fig.  4B) and by inhibiting the binding of ␣-defensins to endothelial LRP using anti-LRP antibody or the endogenous receptor antagonist rRAP (Fig. 4B) . The effect of ␣-defensins on endothelial permeability to LDL (Fig. 4A) was likewise attenuated by the cathepsin B inhibitor CA-074, by anti-LRP antibody, and by rRAP (Fig. 4A) . ␣-Defensins Modify LDL Metabolism FEBRUARY 5, 2016 • VOLUME 291 • NUMBER 6
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Cathepsins B and S are secreted by activated macrophages found within atherosclerotic lesions (31) (32) (33) (34) . ␣-Defensins bind and activate monocytes (18, 35) and macrophages (18, 36) . Therefore, we examined the possibility that ␣-defensins stimulate the expression of cathepsins in macrophages, which also contributes to increased endothelial permeability and enhanced retention of LDL in the vasculature of Def ϩ/ϩ mice (Fig. 1B) . Incubation of RAW cells, a mouse macrophage cell line (37) , with ␣-defensins increased cathepsin activity in the media (Fig. 4C) . Activity was blocked by GB111-NH 2 (Fig. 4C) , an inhibitor of cathepsins S and B. The effect of ␣-defensins on expression of cathepsin activity was dose-dependent and inhibited by anti-LRP antibody and by rRAP (Fig. 4C) . Furthermore, cathepsin B and S activities were significantly higher (64 Ϯ 9.7%) in the aortas of Def ϩ/ϩ mice than in WT mice (p ϭ 0.004) (Fig. 4, D and E) . Def ϩ/ϩ Mice Develop Lipid Streaks on a Regular DietIncreased cathepsin (33, 34) , endothelial permeability (27) , and retention of LDL in the blood vessel wall contribute to atherogenesis. Therefore, we next examined the effect of enhanced vascular deposition of ␣-defensin⅐LDL on the development of lipid streaks. Nine of eleven Def ϩ/ϩ mice fed a regular diet for 16 weeks developed lipid streaks in the aortic roots (Fig. 5A ) unlike WT mice, none of which developed lesions (not shown). Total plasma cholesterol, LDL, HDL, and triacylglycerol in these Def ϩ/ϩ mice were all within the range measured in WT animals, with a trend toward lower total plasma cholesterol and LDL (Fig. 5B) . This is consistent with the data presented in Fig.  1A showing increased plasma clearance of LDL in Def ϩ/ϩ mice. ␣-Defensins were found in the aortic roots of Def ϩ/ϩ mice but not in WT controls (Fig. 5A) , consistent with prior findings in human lesions (8, 9) and with the increased incorporation of ␣-defensin⅐LDL complexes into the vasculature (Fig. 1, B and  E) . Macrophages, an essential component of atherosclerotic lesions, were found in sections of aortic roots from Def ϩ/ϩ mice in apposition to regions staining for ␣-defensins but not in WT mice (Fig. 5A ), consistent with the described chemotactic effect of ␣-defensins for monocytes (35) and the subsequent development of foam cells in lipid streaks (Fig. 6B) .
Formation of Lipid Streaks in Def ϩ/ϩ Mice Is Exacerbated by a High Fat Diet-A cohort of Def
ϩ/ϩ mice was converted to a HFD at 4 weeks of age. By 6 months, all converted mice developed lipid streaks in their aortic roots (Fig. 6, A-C) . In contrast, only 3 of 11 WT mice developed small lesions on the same diet (Fig. 6C) . Lesion size in Def ϩ/ϩ mice fed a HFD increased significantly over baseline (p ϭ 0.0001) (Fig. 6C) . The lipid streaks were much more extensive by 12 months of age (Fig. 6D) . ␣-Defensins co-localized with lipids in the aortic roots of Def ϩ/ϩ mice following diet conversion (Fig. 6A ) in the absence of intact PMNs or PMN antigens. These lesions had the appearance typical of early fatty streaks on H&E staining (Fig. 6, B and D) , containing lipid-engorged macrophage foam cells character- ϩ/ϩ mice fed a regular chow diet were incubated with the cathepsin catalytic site probe GB123, with or without the inhibitor GB111-NH 2 , to measure specific binding (25) . Images were obtained with an IVIS Kinetic system using 640/695 excitation and emission filters, respectively (25) . Representative sections (n ϭ 5 animals) are shown. E, cathepsin expression was calculated as described in Methods. Vessels from 5-8 animals in each group were studied. The mean Ϯ S.D. and p values are shown.
ized by pale, "bubbly" cytoplasm and a single central or slightly eccentric nucleus. Def ϩ/ϩ mice fed a HFD also developed extensive lipid streaks in their thoracic aortas (Fig. 6E) , whereas WT mice did not show any extension of the lesions (Fig. 6F) . Seemingly paradoxically, plasma LDL and total plasma cholesterol increased to a greater extent in WT than in Def ϩ/ϩ mice (Fig. 5B) .
Colchicine Attenuates Lipid Streak Formation in Def
Mice-Colchicine inhibits the release of ␣-defensins from PMNs in vitro and in vivo (Fig. 3A) , formation of LDL/␣-defensin complexes (Fig. 3B) , accelerated clearance LDL from the circulation (Fig. 3C) , and increased endothelial cell permeability (Fig. 4A) . Therefore, we examined the effect of colchicine on lesion development in Def ϩ/ϩ mice. Def ϩ/ϩ mice were fed a regular diet or HFD for 8 months beginning at 4 weeks of age. Colchicine or saline was introduced concurrent with the change in diet. Animals fed a regular diet and given colchicine for 8 months showed a significant decrease in the size of lipid streaks in their aortic roots (p ϭ 0.043) (Fig.  7) . Def ϩ/ϩ mice fed a HFD and placed on colchicine for 8 months also showed a decrease in the size of lipid streaks in aortic roots by ϳ55% (p ϭ 0.036) (Fig. 7) . A, Def ϩ/ϩ and WT mice fed regular chow diets were sacrificed at 4 months of age. Paired cyrostat sections through the coronary ostia, coronary sinuses, and aortic leaflets were stained with rabbit antibodies against mouse macrophages (F4/80) (Mac) or human ␣-defensins followed by Cy2-labeled anti-rabbit Ig. The blue fluorescence represents nuclear staining with DAPI; green fluorescence represents binding to macrophages or ␣-defensins. Lipid deposition (arrows) was assessed by Oil Red O (OR) staining (5) . Representative sections (n ϭ 9 animals) are shown. B, mice (n ϭ 9) were placed on a regular diet (RD) or a HFD beginning at 4 weeks of age. At 4 months of age, blood samples were taken after a 6-h fast. Plasma ␣-defensins, total cholesterol (TC), HDL, and triacylglycerol (TG) were measured, and LDL levels were calculated. The mean Ϯ 2 S.D. and p values are shown. FEBRUARY 5, 2016 • VOLUME 291 • NUMBER 6
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Discussion
Efforts to prevent atherosclerosis by lowering LDL and raising HDL have left a substantial proportion of patients unprotected. To help identify other approaches that prevent disease progression, increased attention has been focused on the role of chronic inflammation (reviewed in Ref. 38) . A correlation between circulating neutrophil counts and clinical disease has been identified repeatedly over the past 4 decades (reviewed in Ref. 38 ). Yet, the involvement of neutrophils in the inception, progression, and terminal thrombotic events that characterize human atherosclerosis remains incompletely defined.
Previously we identified an abundance of ␣-defensins in human coronary and cerebral arterial atherosclerotic vessels (8, 9) . ␣-Defensins are stored almost exclusively in a subset of the azurophilic granules of neutrophils (40, 41) . In vitro, ␣-defensins have been implicated in the activation of macrophages (18, 36) , the production of TNF␣ (36) , increased expression of scavenger receptors, and the activation of endothelial cells with release of reactive oxygen species (18, 42, 43) . However, the absence of ␣-defensins in murine PMNs has precluded an assessment of their effects on lipoprotein metabolism and the development of early athero- sclerotic lesions in this species, a gap in knowledge we sought to address in this study.
Our bipartite hypothesis was that any inflammatory stimulus that leads to activation of neutrophils could release ␣-defensins into the circulation, altering the composition and behavior of circulating lipoproteins and the response of the vasculature, effects that act in concert to perturb LDL trafficking and enhance its vascular retention (Fig. 7) . Our data support this concept of two independent but interdependent processes that alter LDL metabolism and thereby enhance lesion formation and progression in mice expressing human ␣-defensins. First, Def ϩ/ϩ mice developed novel complexes in their plasma composed of ␣-defensins and LDL not found in WT mice (Fig. 2A) . The relevance of this new finding is supported by the presence of comparable ␣-defensin⅐LDL complexes in plasma from healthy human donors with normal total plasma LDL. ␣-Defensin⅐LDL complexes injected into WT mice were cleared more rapidly from the circulation and exhibited more extensive vascular deposition than did LDL similarly isolated from WT mice (Fig. 1D) . With time, and as the animals age, the vasculature of Def ϩ/ϩ mice showed a greater capacity to retain LDL and ␣-defensin⅐LDL than was seen in WT mice (Fig. 1E) . These findings are consistent with prior in vitro observations that ␣-defensins bind LDL, forming stable ␣-defensin⅐LDL complexes that increase lipoprotein binding to endothelial cells (11) and extracellular matrix (12) . Deposition of ␣-defensins in the vasculature of Def ϩ/ϩ mice was associated with increased expression of cathepsin by endothelial cells and macrophages, which in turn increased endothelial permeability to LDL (Fig.  7B) . ␣-Defensins may thereby create a positive feed-forward amplification process that accelerates the deposition and retention of LDL within the vasculature.
The centrality of ␣-defensins in lesion progression is supported by the salutary effects of bone marrow transplantation from WT mice and by the provision of colchicine to Def ϩ/ϩ mice (Fig. 7C) . The bidirectional phenotypic transfer using bone marrow transplantation between Def 2ϩ and WT mice excludes a contribution of ␣-defensins from non-hematopoetic cells, and it also excludes the possibility that colchicine acts by inhibiting the release of another mediator.
The differential effects of short-term and more protracted courses of colchicine together with the outcomes in transplanted mice help dissociate the pathways by which ␣-defensins promote lesion progression. ␣-Defensin⅐LDL complexes were detected by the 4th week after transplantation of bone marrow from Def ϩ/ϩ mice into WT mice, but accelerated retention of WT LDL required 4 months before it was detected. Conversely, a 2-week course of colchicine decreased the levels of ␣-defensin⅐LDL complexes in the plasma of Def ϩ/ϩ mice by more than 65% but did not affect vascular retention of LDL, suggesting that the vascular damage induced by this novel lipoprotein complex is only slowly reversible. In support of this conclusion, protracting the administration of colchicine to 8 months lead to a reduction in the size of newly formed lipid streaks (Fig. 7) . Together, these findings are consistent with the concept that biologically active molecules released from activated neutrophils in plasma or tissue retain proatherogenic effects that endure long after other evidence of neutrophil involvement has passed, with the finding of greater benefit when therapy with colchicine is extended in experimental (39) and clinical settings (5) .
In summary, the findings described in this study suggest that ␣-defensins modify the composition and trafficking of LDL and promote their vascular deposition even at normal to low plasma levels, as occurs in a large subset of affected patients. ␣-Defensins may therefore represent a trackable link between inflammation and the development of atherosclerosis.
